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Intrigued by the paucity of soluble transition-metal oxide systems known to react with CO 2 in a well-dened manner (e.g., eqn (1)), 2-4 we decided to investigate salts of the molybdate dianion in this respect, in order to determine the behavior and mode of reaction (if any) of a simple oxoanion with carbon dioxide as either the potential basis for a new homogeneous catalytic system or as a soluble model for known heterogeneous oxide catalysts. Accordingly, herein we report the nding that molybdate absorbs not just one but two equivalents of CO 2 (the second, reversibly) together with complete characterization including single-crystal X-ray diffraction studies of the resulting mono-and dicarbonate complexes.
As our studies were in progress, it was reported that the related tungstate dianion indeed serves as a homogeneous catalyst for CO 2 xation, 5 but so far the reaction intermediates in that system have not been isolated. The structural, spectroscopic, and computational details we disclose herein form an excellent point of reference both for understanding tungstatecatalyzed CO 2 xation processes and for developing analogous systems based upon molybdate. Toward the latter goal, we show herein the ability of molybdate to mediate the triethylsilane reduction of CO 2 to formate. The present work follows and improves upon our earlier report of titanium trisanilide oxoanion CO 2 binding 2 in that the present system utilizes essentially non-interacting organic cations (in the earlier system oxophilic alkali-metal cations such as lithium were a necessary ingredient for CO 2 uptake) and in that the molybdate dianion is an entirely inorganic species well suited as a discrete, molecular analog of a solid-state metal oxide. Also serving as a precursor to the present work is our report of a cycle for CO 2 reduction to CO at a niobium nitride binding site; that system represented our initial foray into ligand-based strategies for CO 2 conversion. 6 We began our studies with the commercially available sodium molybdate, but soon determined that this organicmedia insoluble salt does not react with CO 2 under aqueous conditions (as assessed by 95 Mo NMR spectroscopy). by-product identied by a signal at À3.8 ppm. 9 A new characteristic carbonyl stretch at 1638 cm À1 could also be observed by IR spectroscopy.
10
A preliminary X-ray crystal structure of the CO 2 -addition product revealed a k C NMR resonance at 165.7 ppm, this being in a region of the spectrum that is characteristic for carbonates.
2,3,14
In its IR spectrum, an isotope-shied carbonyl stretch is present at 1599 cm
À1
, in good agreement with the theoretical 1602 cm À1 predicted using the harmonic oscillator approximation. A small peak due to a minor impurity at 158.9 ppm could also be observed by 13 C NMR spectroscopy, correlated with the trace dimolybdate by-product detected by [MoO 3 
17
In order to gain further insight into the energetics and potential energy landscape of this system, we turned to computational methods (Fig. 3) 
In summary, we have synthesized and characterized two molybdenum oxo carbonate species obtained from the uptake basis set for molybdenum, incorporating the SDD 20 effective core potential, and 6-311+G(3df) for all other atoms as implemented in the Gaussian 09 suite of programs. 21 The CPCM model 22 for CH 3 CN was used to describe solvation effects, and the final single-point energies were calculated with QCISD(T)
23 at the optimized M06 geometries.
of CO 2 by the molybdate dianion and begun exploring their reactivity in the context of CO 2 reduction to formate. 5 while also making efforts to develop an improved mechanistic understanding of this rich, yet simple system. This work illustrates the nding that a discrete, soluble molecular metal oxide system unencumbered by organic spectator ligands and unobstructed by hydrogen bonding with water is sufficient for CO 2 activation and conversion to formate in conjunction with a mild hydride source.
